Learning-related cellular modifications were studied in the rat piriform cortex. Water-deprived rats were divided to three groups: 'trained' rats were trained in a four-arm maze to discriminate positive cues in pairs of odours, 'control' rats were 'pseudo-trained' by random water rewarding, and 'naive' rats were water-deprived only. In one experimental paradigm, the trained group was exposed to extensive training with rats learning to discriminate between 35 and 50 pairs of odours. Piriform cortex pyramidal neurons from 'trained', 'control' and 'naive' rats did not differ in their passive membrane properties and single spike characteristics. However, the afterhyperpolarizations (AHPs) that follow six-spike trains were reduced after 'extensive training' by 43% and 36% compared with 'control' and 'naive', respectively. This effect was not observed in the piriform cortex of another group of rats, in which hyperexcitability was induced by chemical kindling. In another experimental paradigm rats were trained only until they demonstrated 'rule learning', usually after discriminating between one and two pairs of odours ('mild training'). In this experiment, a smaller, yet significant, reduction (20%) in AHPs was observed. AHP reduction was apparent in most of the sampled neurons. AHP remained reduced up to 3 days after the last training session. 5 days or more after the last training session, AHP amplitude recovered to pre-training value and did not differ between 'trained' rats and the others. Accordingly, training suspension for 5 days or more resulted in slower learning of novel odours. We suggest that increased neuronal excitability, manifested as reduced AHP, is related to the ability of the cortical network to enter a 'learning mode' which creates favourable conditions for enhanced learning capability.
Introduction
Learning-related modifications in neuronal excitability have been studied in the mammalian brain mostly in hippocampal neurons, following classical conditioning. Berger & his colleagues (1983) reported increased neuronal excitability in rabbit hippocampal neurons after eyeblink conditioning. Subsequently, it was shown that acquisition of this conditioning was accompanied by reduction in the medium and slow after-hyperpolarization (AHP) in CA1 (Coulter et al., 1989) and CA3 pyramidal neurons. Furthermore, Moyer et al. (1996) reported that the AHP amplitude tends to return to its initial value when training is suspended, and that this recovery is not accompanied by memory loss. Thus, it has been suggested that AHP reduction is not the mechanism by which memories are stored. Rather, it sets a time window in which activity-dependent synaptic modifications are more likely to occur. This view is supported by the finding that blocking of AHP currents enhances long-term potentiation induction in the hippocampus (Sah & Bekkers, 1996) .
Correspondence: Edi Barkai, E-mail: edi@bgumail.bgu.ac.il Received 30 July 1997 , revised 21 October 1997 , accepted 10 December 1997 To test whether transient, learning-related AHP reduction occurs in non-hippocampal cortex, we aimed at the piriform cortex, which receives direct input from the olfactory bulb. Sensory input arriving via the olfactory nerve is widely spread across the entire surface of the piriform cortex (Haberly, 1990) and odorant stimulations activate large populations of neurons in this region (Schoenbaum & Eichenbaum, 1995) .
We trained rats by operant-conditioning to discriminate between positive and negative cues in a variety of odours. The training protocol was similar to the protocol presented by Staubli et al., 1987) , with which they have shown that rats learn and retain positive and negative cues in odour-discrimination tasks, and that learning rate was considerably enhanced after training for a few odours. Shortly after training we used sharp electrodes to perform intracellular recordings from pyramidal neurons that are densely packed in layer II of the piriform cortex.
FIG. 1. Training rats for odour discrimination. (A) Similar protocols were applied for 'trained' and 'control' rats. An electronic 'start' command opens randomly two of eight valves (V), releasing a positive-cue odour (P) into one of the arms and a negative-cue odour (N) into another. Eight seconds later, the two corresponding guillotine doors (D) are lifted to allow the rat to enter the selected arms. Upon reaching the far end of an arm (90 cm long), the rat body interrupts an infra-red beam (I, arrow) and a drop of drinking water is released from a water hose (W) into a small drinking well (for a 'trained' rat -only if the arm contains the positive-cue odour, for 'control' rat -randomly). A trial ends when the rat interrupts a beam, or in 10 s, if no beam is interrupted. A fan is operated for 15 s between trials, to remove odours. (B) 'Trained' rats demonstrated acquisition of 'rule-learning'. With 20 trials per day, 7 days of training were required for this group (six rats) to reach criterion for discriminating between the first pair of odours (80% correct choices), while only 1 day of training was sufficient to reach a criterion for discrimination between any new pair of odours, starting from the third pair and forth. Results were similar for other animal groups which were subsequently trained. Values represent mean Ϯ SE. (C) Further training results in enhanced learning capability. Performance in the first five trials of a session increases almost to its maximal possible values (90%) after training for nine pairs of odours. Values represent mean Ϯ SE, n ϭ 11 rats.
We demonstrate transient, learning-related AHP reduction in most of the cells sampled. Further, 5 days after training AHP recovered to pre-training values, in correlation with the decreased learning-rate of new odours.
Methods

Animal training
Subjects were young adult rats housed in groups of three. Prior to training rats were maintained on a 23.5 h water deprivation schedule with food available ad libitum. Olfactory discrimination training was performed in a four-arm radial maze, with a protocol similar to the one employed by Staubli et al. (1986 Staubli et al. ( , 1987 , as described in Fig. 1(A) . Each experimental batch of age-matched rats was divided to three: 'trained', 'control' ('pseudo-trained') and 'naive'. For each trial, rats of the 'trained' and 'control' groups were positioned at a starting point, two odours were streamed into two randomly chosen arms, and at a fixed time later the doors of the two arms were lifted. The rat was given 10 s to enter one of the arms and get rewarded with water. Rats of the 'trained' group were rewarded only if they chose to enter the arm containing a positive-cue odour. Rats of the 'control' group were rewarded randomly. 'Naive' rats were water-deprived but not exposed to any training. Olfactory training consisted of 20 trials per day. Discrimination was considered acquired when 'trained' rats chose the positive cue in at least 80% of the last 10 trials. Then, on the next training session, a novel pair of odours was introduced to both 'trained' and 'control' rats. One batch of rats was extensively trained to distinguish between 35 and 50 pairs of odours. Other batches were trained only to a stage when they demonstrated a substantial increase in learning rate ('mild training'), usually after discriminating one to two pairs of odours. Rats were sacrificed between 1 and 7 days after the last training session.
Kindling induction
Chemical kindling was induced with systemic administration of 30 mg/kg pentylenetetrazol (PTZ) every 48 h, as previously described (Barkai et al., 1994b) . Age-matched rats were injected with saline. Brain slice preparation and recordings Coronal brain slices (400 µm thick) of the piriform cortex were prepared as previously described (Barkai & Hasselmo, 1994) . Intracellular recordings were obtained from layer II-located pyramidal cell bodies, with sharp microelectrodes of 40-100 MΩ resistance, filled with 4 M potassium acetate.
Cell membrane properties
Cell's input resistance (R in ) was determined by linear regression fit to a voltage/current curve. Membrane time constant (τ m ) was determined by fitting one exponential curve to the membrane voltage decay at the end of a 10 mV hyperpolarizing step. Action potential amplitude was measured from the resting potential to the peak. Spike width was measured at the threshold level.
After-hyperpolarization measurements
For AHP measurement, neurons were depolarized to V m of -60 mV with DC current injection, and trains of action potentials were evoked by 100 ms-long depolarizing current steps of various intensities. Under these conditions, the medium AHP was apparent in all recorded neurons. Its amplitude was measured from baseline to the peak of the hyperpolarizing voltage deflection that follows the spike train, usually at a delay of 30-50 ms from current step termination. The AHP value was determined by calculating the average amplitude measured in four to five consecutive traces, evoked at intervals of 10 s. To prevent contamination of the medium AHP by fast AHP, only traces in which the last action potential was evoked more than 5 ms before the end of the depolarizing pulse were measured (Storm, 1987) . Medium AHPs were recorded from neurons, in which resting membrane potential was no less than -70 mV and the amplitude of action potential was at least -80 mV. In some neurons, intrinsic membrane properties, but not AHPs were recorded, because of electrode clogging or neuron loss. AHPs were recorded from a total of 133 neurons, distributed between the different experimental groups as shown in Table 1 . As it has been previously suggested that AHPs may become less prominent with age (McCormick & Prince, 1987) AHPs in neurons from 'trained' rats were compared with AHPs in cells form their agematched 'control' and 'naive' rats from the same set of experiments.
Neurophysiological experiments and data analysis were done blind.
Statistical analysis
One-way ANOVA was used to evaluate significance of difference between three cell populations. Student's t-test was used to compare between two cell populations
Results
Rats develop enhanced learning capability for odourdiscrimination task
During the course of extensive training, two stages of learning enhancement were observed. After acquisition of the first discrimina-© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 1518-1523 tion task, which required an average of 7 training days, the criterion for learning any new pair of odours was reached much faster (Fig. 1B) . Further improvement in performance was observed after acquisition of nine pairs of odours. This enhancement was noted by the ability of the rats to reach the criterion of 80% successes in the first five trials of a training session, rather than in the last 10 trials (Fig. 1C) . These data suggest an important implication: training to distinguish between the first pair of odours results not only in memory acquisition for these particular odours, but with the ability to acquire odour memory much faster. Therefore, one may speculate that a 'rule learning' was also acquired, and that such 'rule learning' is further enhanced if training is continued.
Basic membrane properties are not modified by extensive training
Initial screening showed that neurons from extensively trained rats did not differ from 'control' and 'naive' rats in their basic membrane properties and single action potential characteristics (Table 2 ). Brain slices were obtained from seven rats in each group. n, number of neurons. Values represent mean Ϯ SD. Data were taken from a total of 24 neurons from 'naive' rats, 22 neurons from 'trained' rats and 16 neurons from 'control' rats. In some neurons not all membrane properties were collected due to cell loss. A one-way ANOVA test was used, in which all neuron of each group (e.g. 'naive', 'trained' and 'control') were lumped together After-hyperpolarization is reduced after extensive odourdiscrimination training AHP amplitudes in neurons from 'trained' rats (measured 1-3 days after the last training session) were smaller than in neurons from 'control' and 'naive' rats ( Fig. 2A) . The difference between 'trained' rats and the others became increasingly apparent as the number of action potentials in the train increased (Fig. 2B) . AHPs that follow six-spike trains were significantly smaller (P Ͻ 0.03) in neurons of 'trained' rats (mean Ϯ SD: 4.4 Ϯ 1.5 mV, n ϭ 10) than in 'naive' (6.9 Ϯ 3.0 mV, n ϭ 13) and in 'control' (7.8 Ϯ 2.8 mV, n ϭ 8). The difference between 'naive' and 'control' groups was not significant.
After-hyperpolarization is not reduced after kindling
The question arises whether mere intense activation of the piriform cortex may result in AHP reduction, regardless of any learning process taking place. To examine this possibility, intense activation of the piriform cortex was induced in rats by chemical kindling (Barkai et al., 1994b) . Kindled rats, which respond with epileptic seizure to a normally subthreshold dose of convulsant, show longlasting hyperexcitable activity in cortical areas, including the piriform cortex, as previously reported (McIntyre & Wong, 1986) . In contrast to the reduced AHP observed in neurons from the odour-trained rats, the intense activity in the piriform cortex of kindled rats did not result in AHP reduction (Fig. 2C) . After-hyperpolarization is transiently reduced as soon as 'rule learning' is acquired
To examine whether AHP reduction in the piriform cortex is related to acquisition of 'rule learning' with odour discriminations, rats were trained with only one or two pairs of odours, until enhancement of learning rate was achieved ('mild training'), and brain slices were prepared at various intervals from the last training session. One to 3 days after training, AHPs following trains of six action potentials in neurons from 'mildly trained' rats were significantly smaller (P Ͻ 0.05) (6.7 Ϯ 2.0 mV, n ϭ 28) than in cells from the 'control' (8.3 Ϯ 1.6 mV, n ϭ 23) and 'naive' (8.2 Ϯ 2.7 mV, n ϭ 11) animals. The phenomenon was transient. Five days or more after the last training session, the average amplitude of the AHPs did not differ between neurons from 'trained' and 'control' (Fig. 3A) .
Training suspension results in reduced learning capability
In order to test whether training suspension is accompanied by reduced learning capability, we examined the performance of extensively trained rats when training with novel odours was resumed after various suspension times. We found that rats for which training was suspended for 4 days or more performed significantly (P Ͻ 0.05) worse than rats whose training was suspended for 1-2 days only (Fig. 3B ).
After-hyperpolarization reduction is observed in most sampled pyramidal neuron If AHP reduction in the piriform cortex is related to a general enhancement of odour-learning capability, it is expected that AHP © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 1518-1523 reduction will occur in a significant portion of the pyramidal cell population. Indeed, most of the neuron sampled from the 'mildly trained' rats, and all the neurons sampled from the 'extensively trained' rats had smaller AHPs than the average AHP that was sampled in 'controls'. A cumulative frequency distribution of AHPs amplitudes in response to firing six action potentials is shown in Figure 3 (C). With each point representing one cell, it is noticeable that the reduction of the averaged AHP amplitude is a result of reduction in AHP in most of the sampled neurons of the 'mildly trained' group and all the neurons in the 'extensively trained' group. Hence, AHP reduction is widely distributed throughout the neuronal population after training, rather than being restricted to a small portion of the cells.
Discussion
Our data show that most of the basic intrinsic properties of piriform cortex pyramidal neurons do not change when rats are extensively trained to memorize odours. However, reduced AHP is evident following even moderate odour-learning. This finding raises some interesting questions regarding the specificity and relevance of AHP reduction to the odour-learning process.
Specificity of after-hyperpolarization reduction to learning
The physiological changes observed in the cortex of the 'trained' animals were not detected either in the 'control' rats, which were exposed to the same odours, or in chronic epileptic rats. This suggests FIG. 3 . Properties of after-hyperpolarization (AHP) reduction and its relation to learning capability. (A) AHP reduction (relative to control) in neuron of 'mildly trained' rats. One and 3 days after the last training session the AHP amplitudes in neuron from 'trained' rats were significantly smaller than in 'controls' (P Ͻ 0.05). Five days or more after the last training session, AHP amplitudes were not significantly different between groups. Neuron were recorded from six 'trained' and six 'control' rats. n indicates the number of cells. (B) Training suspension affects learning capability. The performance of extensively trained rats on the first five trials in a session declined, if training was suspended for 4 days or more. n represents the number of sessions, all performed by six rats. (C) Cumulative frequency distribution of AHP amplitudes in randomly sampled cells. AHP amplitudes in most of the neuron in the 'mildly trained' group, and all the neuron in the 'extensively trained' group are shifted to the left of the graph. Presented: 10 neuron from extensively trained rats (the same neuron from which data were taken in Fig. 2B ), 28 neuron of 36 from 'mildly trained' rats (only neuron recorded 1-3 days after training (11 ϩ 17 ϭ 28), when AHP reduction was detected, are included), and 23 neuron from the 'control' group of the 'mildly trained' rats.
that physiological modifications in AHP do not occur by mere intense activation of the olfactory cortex, and that exposure to odours is probably accompanied by some sort of learning to create this change. Further, only recently acquired odour memory will be reflected in AHP reduction. We suggest that the observed AHP modification in the piriform cortex of odour-trained rats is specifically related to the phenomenon of enhanced learning rate after 'rule learning', for the reasons listed below.
Functional significance of after-hyperpolarization reduction It has been reported previously that transient AHP reduction occurs in the hippocampus following classical conditioning of the nictitating response (Coulter et al., 1989; Moyer et al., 1996) . Here we report that such a reduction also occurs in a cortical region specific to olfaction, after acquisition of odour learning. This implies that AHP decrease may serve as a general mechanism of increased excitability, which facilitate activity-dependent synaptic modifications that follow the Hebb rule, as previously suggested (Barkai et al., 1994a; Moyer et al., 1996) . Indeed, it has been shown that blocking of AHP currents results in enhanced induction of LTP (Sah & Bekkers, 1996) . In contrast to learning capability, which is reduced within a few days of training suspension, retrieval of learned odours is preserved for weeks (Staubli et al., 1987) , suggesting that the transient AHP reduction is not essential for odour memory retrieval. Thus, AHP reduction may be part of complex changes that 'shift' the piriform cortex network into highly efficient 'learning mode' (Barkai et al., 1994a) . Acquisition of 'rule learning' may be considered as the behavioural reflection of such a unique mode of network activity.
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